During the global financial crisis, there were substantial deviations from covered interest parity (CIP) condition. In particular, in the postLehman period, the US dollar interest rate became very low on the forward market. However, the deviations from the CIP condition varied across markets. After presenting a simple model, the following analysis examines how the CIP condition between the Japanese yen and the US dollar was violated in Tokyo, London, and New York markets. We show that the CIP deviations became largest in the New York market soon after the Lehman shock but were largest in the Tokyo market in the rest of the turmoil period. The regressions suggest that market-specific credit risks and central banks' liquidity provisions explained the difference across the markets. In particular, they indicate that larger dollar-specific risk and smaller yen-specific risk caused larger deviations in the Tokyo market.
Introduction
In a well-integrated money market, covered interest parity (CIP) condition was perceived to be solidly anchored in riskless arbitrage for international asset pricing. However, reflecting various risk characteristics, deviations from the CIP condition became substantial during previous crises (see, e.g. Taylor, 1989; Rhee & Chang, 1992 for earlier contributions in literature). For unsecured rates such as London interbank offered rate (LIBOR), deviations were widened reflecting creditworthiness of financial institutions. However, even for secured rates such as overnight index swap (OIS) rates, deviations were still substantial during the global financial crisis. From 1 June 2006 to 30 December 2010, Figure 1 depicts daily deviations from the CIP condition between the US dollar and each of the six non-US dollar currencies: Euro, UK pound, Danish krone, Swiss franc, Japanese yen, and Singapore dollar. We calculated deviations from the CIP condition by the annualized value Figure 1 . Deviations from the CIP condition between the US dollar and six currencies. This figure depicts daily deviations from CIP condition between the US dollar and each of the six non-US dollar currencies. The downward deviations imply that the US dollar had lower interest rate than the other currencies on the forward market in the global financial crisis.
of (1 + i us t ) − (1 + i n t )(F t+1 /S t ), where i us t is three-month US dollar OIS rate, i n t is threemonth non-US dollar OIS rate, S t is the spot exchange rate between the two currencies, and F t+1 is its three-month forward exchange rate. For all combinations, deviations from the CIP condition had been negligible until the beginning of August 2007. But significant downward deviations had occurred since mid-August 2007. In particular, there were large downward deviations after the Lehman shock on September 15 in 2008. The downward deviations were stabilized around the end of 2008 but had been significant until summer of 2009. 1 Among the six non-US dollar currencies, the deviations were largest in the Danish krone and smallest in the Singapore dollar. But the choice of the currencies did not make substantial difference for the deviations. The OIS rates are secured rates that measure market participants' expected average policy rate over the relevant term. Since secured arbitrage, as opposed to unsecured, removes many of the counter-party credit risks, this may imply that potential liquidity risk in the US dollar was the dominant source in violating the CIP condition. However, during the global financial crisis, liquidity risk might have differed not only across currencies but also across markets. In particular, it is likely that the US dollar funding was tighter when the London and the New York markets were closed, while the Japanese yen funding was tighter when the Tokyo market was closed.
The purpose of this paper is to examine how deviations from the yen/dollar CIP condition varied across the markets during the global financial crisis. In the financial turmoil, financial sectors are not given as much 'balance sheet' to invest, which is perceived as a shortage of liquidity to them. Under the situation, the traders are reluctant to expose their funds during a period of time where the funds might be needed to cover their own shortfalls. As a result, financial sectors expanded their prudential hoarding in the face of growing internal funding and liquidity needs, as well as limited capital to pledge in exchange for liquid funds. Because of its role as dominant international currency, the demand for the prudential hoarding was particularly conspicuous for the US dollar. During the global financial crisis, the US dollar interest rate was likely to be low on the forward market.
After presenting a simple model that describes such an economy, we calculate the CIP condition between the Japanese yen and the US dollar and examine how it was violated in [2007] [2008] [2009] in the three markets: Tokyo, London, and New York. We show that when we use the Japanese yen as a benchmark, the US dollar interest rate, which had temporarily became lowest in the New York market soon after the Lehman shock, was lowest in the Tokyo market during the rest of the post-Lehman turmoil. The regression results suggest that credit risk in interbank markets and central banks' liquidity provisions explained the difference across the markets. We observe that the market-specific CIP deviations were attributable to asymmetric risks across the markets. In particular, larger dollar-specific risk and smaller yen-specific risk explained larger deviations in the Tokyo market. We also find that some coordinated central bank liquidity provision was asymmetrically useful in reducing market-specific liquidity risk.
In previous literature, several studies have explored sources of deviations from the CIP condition under the global financial crisis. Packer (2009a, 2009b) are one of the first attempts and find that deviations from CIP were negatively associated with the creditworthiness of European and US financial institutions. The authors such as Coffey, Hrung, and Sarkar (2009) and Fong, Valente, and Fung (2010) show that in addition to credit risk, liquidity, and market risk played important roles in explaining the deviations. 2 There are also several studies on the effects of central bank liquidity provisions during the global financial crisis in recent literature. Taylor and Williams (2009) show how TAF affected risk premiums in the US interbank market. Goldberg, Kennedy, and Miu (2011) show the contribution of foreign exchange (FX) swap lines among central banks to reducing dollar funding pressures and limiting stresses in money markets (see also Aizenman & Pasricha, 2010; Genberg, Hui, Wong, & Chung, 2009; Hui, Genberg, & Chung, 2011 for their recent contribution to the same topic).
The following analysis confirms some of their findings, especially those based on secured rates. However, unlike previous studies, our analysis pays a special attention to how the CIP condition was violated in three alternative markets: Tokyo, London, and New York. We show that deviations from the CIP condition showed different features across the markets soon after the Lehman shock. We find that market-specific risk premiums discussed in Fukuda (2012) , especially lager dollar-specific risk and smaller yen-specific risk in the Tokyo market, explained the difference across the markets. 3 We also find that central bank liquidity provisions had varieties of asymmetric effects across the markets.
In investigating market-specific features in Tokyo and New York markets by intra-daily data, our analysis has motivations that are similar to those in Ito and Roley (1987) and Tsutsui and Hirayama (2010) . However, these studies neither analyzed the CIP condition nor explored market-specific features during the global financial crisis. Investigating what happened during the global financial crisis is worthwhile to be noted because large shocks reveal market-specific features more clearly than small shocks.
The rest of the paper is organized as follows. After exploring a simple model of our analysis in Section 2, Section 3 investigates deviations from the CIP condition in the three markets. After explaining a basic framework of our econometric tests in Section 4, Section 5 explains how to measure counter-party credit risks and liquidity risks. Sections 6 and 7 report the results of our regressions. Section 8 concludes and refers to the implications.
A theoretical model
To see how international liquidity risk is reflected in the CIP condition, we consider a representative agent model in a small open economy. In the economy, there are two liquid assets. The two liquid assets which mitigate losses from liquidity shocks are domestic liquid asset and foreign liquid asset. The domestic liquid asset is denominated in the local currency (that is, the Japanese yen), whereas the foreign liquid asset is denominated in the international currency (that is, the US dollar). The representative consumer chooses his or her stream of real consumption and asset holdings so as to maximize the following expected utility:
where β is discount factor such that 0 < β < 1 and E t is conditional expectation operator based on the information at period t. In the following analysis, we denote nominal values of domestic and foreign liquid assets at the end of period t by A t and A * t , respectively. Then, for all t, the consumer's budget constraint is written as:
where P t = domestic price, i t−1 = nominal interest rate of domestic liquid asset, i * t−1 = nominal interest rate of foreign liquid asset, S t = spot exchange rate, F t = forward exchange rate, and L t = real loss from liquidity shocks. For all variables, subscript denotes time period. Y t is real output in period t. Because of nominal contract, the consumer cannot hedge domestic inflation risk for the two liquid assets under the budget constraint (Equation (2)). However, since F t is forward exchange rate contracted in period t−1, the consumer covers the foreign asset's exchange risk by the forward contract. Thus, even if the spot exchange rate is volatile, the consumer faces no uncertainty on the one-period nominal return from holding the foreign liquid asset.
In our economy, both local and international liquidity shocks, L D t and L F t , hit the economy and deteriorate the output Y t at the beginning of each period. The size of the production loss L t (≡L D t + L F t ), however, depends on real values of the liquid assets the consumer holds in period t. Following a shopping time model of money in literature, we assume that the loss from the local liquidity shock L D t (A t /P t ) is decreasing and convex function of A t /P t , whereas the loss from the international liquidity shock L F t (A * t /P * t ) is decreasing and convex function of A * t /P * t where P * t is foreign price in period t. We can thus denote the total loss from the liquidity shocks as follows
where
Since the loss from the international shock is denominated in the international currency, it is multiplied by (S t P * t /P t ) to adjust the real exchange rate.
The representative consumer maximizes (Equation (1)) subject to (Equation (2)) and (Equation (3)). The first-order conditions of the constrained maximization lead to
Rearranging the second equality of the first-order conditions, we obtain the following modified CIP condition:
Since no liquidity shock implies that (5) is degenerated into the standard CIP condition when there is no liquidity shock. However, to the extent that the two liquid assets have different marginal contributions in mitigating the liquidity shocks, the condition (Equation (5)) implies that the standard CIP condition does not hold when there are liquidity shocks. Taking logarithm of both sides of Equation (5), we approximately obtain
where f t+1 ≡ log(F t+1 ) and s t ≡ log(S t ). Equation (6) indicates that the deviations from the yen/dollar CIP condition depend on the difference between L D
Deviations from CIP in the three markets
In the following analysis, we examine how the degree of deviations from the yen/dollar CIP condition differed in the three markets before and after the global financial crisis. Using daily data of three-month OIS rates, we calculate the CIP condition between the Japanese yen and the US dollar and examine how it was violated in the three markets during the global financial crisis in [2007] [2008] [2009] . The spot exchange rates and three-month forward exchange rates used for each market are their interbank middle rates at 5 pm in Tokyo time, at 4 pm in London time, and at 5 pm in New York time, respectively.
Unfortunately, yen-denominated OIS rates are available only in Tokyo time, whereas dollar-denominated OIS rates are available only in NY time. We thus use date t dollardenominated OIS rate in NY time as a proxy for date t + 1 rate in Tokyo time and date t + 1 rate in London time respectively. We also use date t yen-denominated OIS rate in Tokyo time as a proxy for date t rates in London and NY times, respectively. The approximations are based on the assumption that market participants expect no policy change of Federal Reserve Bank (FRB) when the NY market is closed and no policy change of the Bank of Japan (BOJ) when the Tokyo market is closed. Since the daily changes of the OIS rates are very small, the measurement errors from the approximation will be negligible.
For the three markets, we calculate deviations from the yen/dollar CIP condition by the annualized value of (1 + i us
, where i us t is three-month US dollar OIS rate, i jp t is three-month Japanese yen OIS rate, S t is the yen-dollar spot exchange rate, and F t+1 is its three-month forward exchange rate. The units of the interest rates are basis points. The spot and forward exchange rates in London time and the dollar-denominated OIS rates are downloaded from the Datastream, whereas the spot and forward exchange rates in Tokyo and NY times are downloaded from the Nikkei Quick database. The yendenominated OIS rates are from Tokyo Tanshi Co., Ltd. Table 1 summarizes biannual average of the deviations from the yen/dollar CIP condition in the three markets from 2007 to 2009. It indicates that the absolute value of the deviations from the CIP condition were less than 10 basis points in all of the markets in the first half of 2007. But after the latter half of 2007, the negative deviations were more than quadruplicated in the three markets. In particular, the absolute value of the deviations exceeded 130 basis points in the latter half of 2008. In the latter half of 2009, the deviations were almost stabilized but their absolute values were larger than those in the To test whether the deviations from the yen/dollar CIP condition in the Tokyo market are significantly different from those in the other two markets, Table 3 reports mean value of the difference between the markets and its t-statistics for three alternative sample 
Empirical specification
The purpose of the following sections is to examine how market-specific risks caused substantial deviations from the yen/dollar CIP condition during the global financial crisis. Our main interest is to explore what determines the size of deviations in different markets. Equation (6) in Section 2 implies that the degree of the deviations depends on L F t (A * t /P * t ) and L D t (A t /P t ). We will investigate whether these liquidity shocks had market-specific features during the global financial crisis. Unfortunately, we cannot observe such notional variables directly. For the proxies, we thus use market-specific credit risk measures and market-specific liquidity risk measures. As mentioned in previous studies, even secured rate deviations from the CIP condition might depend on credit risk in interbank markets. This is because liquidity risk may increase as credit risk increases in interbank markets (see, e.g. Afonso, Kovner, & Schoar, 2011; Gyntelberg & Wooldridge, 2008) . The following analysis follows this idea and explores how credit and liquidity risk measures in interbank markets affected deviations from the CIP condition during the global financial crisis.
For h = Tokyo, London, or New York, we define the degree of deviations from the yen/dollar CIP condition in market h in period t by
where i us t (h) is three-month US dollar OIS rate, i jp t (h) is three-month yen OIS rate, S t (h) is yen-dollar spot exchange rate in market h, and F t+1 (h) is its three-month forward exchange rate. The unit of Dev t (h) is basis point. We then estimate the following EGARCH(1,1) model with lag dependent variables as explanatory variables: 4
where k = the US dollar or the Japanese yen, ε t in Equation (8b) is the error term (residual) in Equation (8a), and σ 2 t is its GARCH conditional variance. In Equation (8a), we include Credit t (h,k) as an explanatory variable to capture credit risk measure in currency k in period t in market h. In the financial turmoil, some traders are not given as much 'balance sheet' to invest, which is perceived as a shortage of liquidity to them. Under this situation, the traders at one bank are reluctant to expose their bank's funds during a period of time where the funds might be needed to cover the bank's own shortfalls. Consequently, term loan markets come under stress, and term interest rates may be disconnected from overnight interest rates in each market. The explanatory variable Credit t (h,k) in Equation (8a) explores the impact of such market-specific credit risk on Dev t (h).
In Equation (8a), we also include central bank's policy dummy Policy m,t as an explanatory variable. In the global financial crisis, several central banks made attempts to improve liquidity premiums in each money market. To the extent that each central bank has the ability to reduce the liquidity risk premium effectively, measuring the effects of these attempts is a first step toward understanding the nature of the liquidity risk premium. The explanatory variable Policy m,t in Equation (8a) explores the impact of such central bank's attempt on Dev t (h).
In Equation (8b), we include the Chicago Board Options Exchange Volatility Index (VIX) for Market t . The VIX is a popular measure of the implied volatility of S&P 500 index options. A high value corresponds to a more volatile market and therefore, more costly options. Often referred to as the fear index, the VIX represents a measure of the market's expectation of volatility over the next 30-day period. We use this measure as a proxy of global market risk. To allow the lagged effects, we use the current and lagged value of VIX for Market t and Market t−1 , respectively.
'Credit risk measures' and 'policy dummies'

Credit risk measures: Credit t (h,k)
To measure credit risk in each market, the following analysis uses the spreads between LIBOR and OIS rate and those between Tokyo interbank offered rate (TIBOR) and OIS rate. LIBOR is a daily reference rate in the London interbank market, while TIBOR is a daily reference rate in the Tokyo offshore market. Both dollar-denominated and yendenominated rates are available for LIBOR and TIBOR. Since LIBOR and TIBOR are based on the interest rates at which banks borrow unsecured funds from other banks in each interbank market, each spread reflects a counter-party credit risk in each currency in each interbank market. That is, the US dollar-denominated LIBOR-OIS spread reflects US dollar-specific credit risk in the London market, while the yen-denominated LIBOR-OIS spread reflects yen-specific credit risk in the London market. Similarly, the US dollar-denominated TIBOR-OIS spread reflects US dollar-specific credit risk in the Tokyo market, while the yen-denominated TIBOR-OIS spread reflects yen-specific credit risk in the Tokyo market.
Both dollar-denominated and yen-denominated LIBORs are published by the British Bankers' Association, after 11:00 am each day (Greenwich Mean Time). Yen-denominated TIBOR is published by Japanese Bankers Association after 11:00 am each business day (Tokyo time), while dollar-denominated TIBOR is the data collected by Bloomberg and Nikkei Quick News Inc. at the Tokyo close. In calculating the spreads, we use daily data of their three-month rates. The data of yen-denominated TIBOR was downloaded from the Nikkei Quick data base, while the data of dollar-denominated LIBOR was downloaded from DataStream. The data sources of OIS rates are the same as those in Section 3.
In the sample period, the spreads may have measurement errors because some panel banks acted strategically when quoting rates to the LIBOR survey during the global financial crisis (see, e.g. Mollenkamp & Whitehouse, 2008) . If the measurement error has nonnegative covariance with the unobserved true value and is independent of the other variables, the estimated coefficient would be biased toward zero. In this case, to the extent that it is significantly different from zero, we may conclude that the significant sign of the estimated coefficients is reliable. However, the biases generally depend on how the measurement error is correlated with the other variables. In particular, since over-reporting of LIBOR was larger in periods of credit stress, it is likely that the measurement error had positive covariance not only with the unobserved true value but also with the dependent variable. If this is the case, the estimated coefficient could have either downward or upward bias. How to deal with the measurement errors is outside the scope of this paper. But we may need some reservations when interpreting the coefficients.
Unfortunately corresponding credit risk measure is not available in New York market. Given the integration between London and New York markets, we thus use the LIBOR-OIS spreads as credit risk measure for the New York market. We also use daily cross-sectional standard deviation of Federal Funds (FF) rates as a proxy of dollar-denominated credit risk in the New York market. To the extent that credit risk is heterogeneous, the standard deviation will increase as credit risk increases in the New York interbank market. Table 4 summarizes basic test statistics for these daily credit risk measures for the whole sample period from the beginning of January 2007 to the end of December 2009. It also reports those for the two subsample periods: from September 2008 to October 2008 and from November 2008 to December 2009. Concerning the currency-specific spreads, the dollar-denominated spreads have larger mean, larger standard deviation, and larger skewness than the yen-denominated spreads. This indicates that the dollar-denominated spreads are not only larger but also are more volatile and more skewed in the distribution. The feature was especially conspicuous from September 2008 to October 2008 when the Lehman shock hit the global financial markets. During the most turbulent period, the dollar-denominated spreads were more than tripled, while the yen-denominated spreads were widened only modestly. This implies that currency-specific risk rose mainly in the US dollar soon after the Lehman shock. However, the difference between the two currency-specific spreads became smaller from November 2008 to December 2009. In the post-Lehman period, the dollar-denominated spreads decreased substantially, while the yen-denominated spreads still remained large.
Regarding the market-specific spreads, it is worthwhile to note that TIBOR-OIS spreads are larger than LIBOR-OIS spreads when denominated in the US dollar but smaller when denominated in the Japanese yen. This was especially true from September 2008 to October 2008; TIBOR-OIS spreads are larger than LIBOR-OIS spreads by 23.66 basis points in mean, 27.1 basis points in median, and 24.85 in maximum. This implies that reflecting less thick dollar transactions, dollar-specific risk went up more in the Tokyo market than in the London market soon after the Lehman shock. In contrast, TIBOR-OIS spreads are smaller than LIBOR-OIS spreads when denominated in the Japanese yen. This was especially true from September 2008 to October 2008; TIBOR-OIS spreads are smaller than LIBOR-OIS spreads by 10.66 basis points in mean, 14.86 basis points in median, and 7.11 in maximum. Reflecting better credit quality of Japanese banks and thick yen transactions, the yen-specific risk went up more in the London market than in the Tokyo market. Thus, unlike the dollar-specific risk, the yendenominated TIBOR-OIS spreads was smaller than the yen-denominated LIBOR-OIS spreads soon after the Lehman shock.
The statistics for standard deviation of FF rates indicates that the volatility of the FF rates changed substantially during the turmoil period. The standard deviation of FF rates increased dramatically soon after the Lehman shock, although they were stabilized substantially after November 2008.
Policy dummies: Policy m,t
In the global financial crisis, the FRB's FX swap facilities are designed to improve liquidity conditions in global money markets by providing foreign central banks with the capacity to deliver US dollar funding to institutions in their jurisdictions. Using funds accessed through the swaps, several central banks such as the BOJ and the Bank of England (BOE) provided dollar liquidity to institutions in the regions.
Using the FRB's FX Swap Lines with the BOJ and the BOE, the following analysis use the US dollar liquidity provisions by BOJ and BOE as central bank's policy dummies. We also use the FRB's Term Auction Facility (TAF) to estimate the effect of US dollar liquidity provisions by FRB. 5 The swaps credit of the US dollar was available only to depositories outside the US in the countries in which the central bank participated in the swaps program, while the TAF credit of the US dollar was only directly available to depository institutions located in the US. Thus, these US dollar liquidity provisions could have different effects on deviations from CIP condition in each market. For each FX swap line and TAF, we include the dummy variable which equals to the amount allocated on the dates for the operations and zero otherwise. The unit of the amount for each dummy variable is thousand US dollar.
In addition, to measure the effects of Japanese yen liquidity provisions by BOJ, we use a dummy for BOJ's yen liquidity provisions, that is, 'special funds-supplying operations to facilitate corporate financing'. 6 We include the dummy variable which equals to the amount allocated on the dates for the operations and zero otherwise. The unit of the amount is thousand Japanese yen. The BOJ's 'special funds-supplying operations to facilitate corporate financing' increase availability of the Japanese yen only for financial institutions located in Japan. But since no yen liquidity was provided by other central banks, we use the dummy variable not only for the Tokyo market but also for the London and NY markets. We constructed the BOJ's liquidity provision dummy based on the same calendar day for all of the markets.
Estimation results
This section reports our basic empirical results concerning the effects of various credit risk measures and policy dummies on the deviations from the yen/dollar CIP condition in each of the three markets. In each regression we use daily data during the sample period from 2 January 2006 through 30 December 2009, a span of time that includes both the market turmoil period and a comparable period of time before and after the turmoil. The units of the interest rates are basis points. Expect for the OIS rates, explanatory variables are the latest values before 5 pm in Tokyo time, 4 pm in London time, and 5 pm in New York time respectively to avoid simultaneous biases.
We estimate the EGARCH(1,1) model with two lagged dependent variables in Equation (8a). Table 5 reports the estimated results. Although both dependent and independent variables had different features across the three markets, the estimated coefficients were very similar in all of the regressions; Most of the credit and policy dummies had significant symmetric effects on the CIP condition in each market. The table reports the estimation results with and without including insignificant yen liquidity provisions. Table gives the estimation results of the EGARCH model testing the impact of various credit risk measures, several types of US dollar liquidity provisions, and Japanese yen liquidity provisions on deviations from CIP condition in the three markets. *Statistical significance at the 10% level. **Statistical significance at the 5% level. ***Statistical significance at the 1% level.
The effects of local credit risk measures
The theoretical model suggests that a rise of credit risk in currency j will increase the demand for the currency and lower its interest rate on forward contract. Our estimation results confirm this theoretical implication in all of the three markets. As was mentioned in Section 5.1, measurement errors in LIBOR might have caused some biases in the estimated coefficients. But in all of the three markets, each local credit risk measure had a highly significant positive effect when denominated in the US dollar, while it had a highly significant negative effect when denominated in the Japanese yen.
This indicates that an increase in the US dollar-specific credit risk in each local market exacerbated the negative deviations in Dev t (h), while an increase in the yen-specific credit risk in each local market reduced the deviations. To the extent that the yen-specific credit risk increases L D t (A t /P t ) and that the US dollar-specific credit risk increases L F t (A * t /P * t ), the result is consistent with Equation (6) in Section 3 where the CIP deviation depends on the difference between L D t (A t /P t ) and L F t (A * t /P * t ). It is noteworthy that the Tokyo market had larger US dollar-specific credit risk and smaller yen-specific credit risk than the other two markets because it is thinner in the US dollar transactions but thicker in the yen transactions. The estimation results imply that the feature in the Tokyo market may help to explain why the Tokyo market had greater yen/dollar CIP deviations in the post-Lehman period.
As did the dollar-denominated credit risk measure, the increased standard deviation of FF rates exacerbated the negative deviations from the CIP condition in the New York market. This indicates that the standard deviation of FF rates may reflect different types of credit risks which were not captured by the LIBOR spread. Noting that the standard deviation of FF rates soared up dramatically in September 2008 but was stabilized after November 2008, it may explain why the CIP deviations were largest in the New York market soon after the Lehman shock.
The effects of policy dummies
Among various policy dummies, the dummy for the BOJ's FX swap line had a significantly positive effect in the Tokyo market. Soon after the Lehman shock, liquidity shortage of the US dollar became serious in world financial markets. The BOJ's US dollar liquidity provisions were effective in reducing US dollar liquidity risk in the Tokyo market. However, the dummy for the BOE's FX swap line had no significant effect in the London market. This may reflect the fact that the London market was thick enough in the US dollar transactions so that it did not face serious liquidity shortage of the US dollar even in the global financial crisis. The dummy variable of the BOJ's yen liquidity provisions was also not statistically significant in any market. This may reflect the fact that liquidity shortage of the yen was less serious than that of the US dollar in the post-Lehman period.
In contrast, the dummy for the FRB's TAF credit had a significantly negative effect in the NY market. This indicates that the demand for the US dollar was increased in the NY market when the FRB provided liquidity. This may have happened because the NY faced serious uncertainty in the global financial crisis. Soon after the Lehman shock, the market turbulence was most serious in the NY market. The market participants became skeptical about what would happen next and was keen to the FRB's policy actions. Under the environments, FRB's actions might have magnified the skepticism and increased the demand for the US dollar liquidity in the market.
GARCH conditional variance equation
When estimating the GARCH conditional variance Equation (8b), most of the parameters were statistically significant. This indicates that volatility of the CIP deviations was highly persistent. In particular, the coefficient of |ε t−1 /σ t−1 | was always significantly positive, implying that there was asymmetric persistence in the GARCH conditional variance. Larger shocks made the volatility more persistent.
Regarding the effects of the global market risk on the conditional variance, the estimated coefficient of Market t was positive, while that of Market t−1 was negative. This indicates that the effects of the global market risk on the conditional variance was only temporarily and almost disappeared in the next business day. Their absolute value was largest in the Tokyo market and was smallest in the New York market. This implies that the Tokyo market was more vulnerable to the global market risk, while the NY market was least vulnerable. But the estimated coefficients of Market t and Market t−1 were always statistically significant in all of the markets.
The effects of foreign credit risk measures
The purpose of this section
In the last section, we examined what caused substantial deviations from the yen/dollar CIP condition during the global financial crisis and showed that an increase in US dollarspecific credit risk in each local market exacerbated the deviations in the forward contract market, while an increase in yen-specific credit risk in each local market reduced the deviations. We also showed that the BOJ's US dollar liquidity provisions were effective in reducing the deviations in the Tokyo market. However, the analysis in the last section mainly focused on the effects of local shocks on the local market and rarely examined how foreign shocks were transmitted across the markets. The purpose of this section is to examine what additional impacts foreign shocks had on the CIP deviations in local market. For h = Tokyo, London, or New York, we estimate the following EGARCH(1,1) model:
In estimating the EGARCH(1,1) model, we include Credit t (h * ,k) and Policy m * ,t as additional variables, where h * ( = h) denotes a foreign market and m * ( = m) denotes a foreign policymaker. Credit t (h * ,k) is credit risk measure in currency k in the foreign market h * , while Policy m * ,t is policy dummy for a foreign policymaker m * . We include Policy m * ,t and the standard deviation of FF rates (STD(FF rate t )) as explanatory variables in Equation (9a). However, since most of the other foreign credit risk measures did not have a significant effect in Equation (9a), we include Credit t (h * ,k) not in Equation (9a) but in Equation (9b).
To allow the time differences across the markets, we constructed the BOE's swap line dummy variable based on the same calendar day for the London and the New York markets but based on the last business day for the Tokyo market. We also constructed the FRB's TAF dummy variable based on the same calendar day for the New York market but based on the last business day for the Tokyo and the London markets. We also used the LIBOR-OIS spreads on the same calendar day for the London and the New York markets but those on the last business day for the Tokyo market and used the standard deviation of FF rates on the same calendar day for the New York market but those on the last business day for the Tokyo and the London markets. In contrast, we used the TIBOR-OIS spreads on the same calendar day for all of the markets. Table 6 reports the estimated results. Even if we include various foreign shocks as additional explanatory variables, the effects of local credit risk measures and local policy dummies on the deviations did not change in the EGARCH model. In particular, as in Table 5 , the estimation results are very similar across the three markets in Table 6 . That is, even if we control the effects of foreign shocks, an increase in US dollar-specific credit risk in each local market exacerbated the negative deviations, while an increase in yen-specific credit risk in each local market reduced the deviations. The BOJ's yen liquidity provisions to local financial institutions were not effective in reducing the deviations from the CIP condition during the global financial crisis.
The estimation results
However, unlike the other credit risk measures, the standard deviation of FF rates always took significantly negative sign in all of the three markets. This indicates that the standard deviation of FF rates may reflect different types of credit risks which are reflected neither in the LIBOR spreads nor in TIBOR spreads in all of the three markets. Noting that standard deviation of FF rates soared up dramatically in September 2008, the result implies that the Lehman shock had world-wide transmissions and caused large scale CIP deviations not only in the New York market but also in the Tokyo and London markets.
In addition, when we include various foreign shocks as additional explanatory variables, the effects of several US dollar liquidity provisions showed different features. The dummy for the BOJ's FX swap line was not significant in the London market. But it had a positive effect not only in the Tokyo market but also in the New York market. The BOJ's US dollar liquidity provisions were effective in reducing US dollar liquidity risk not only in the Tokyo market but also in the New York market.
In contrast, the dummy for the BOE's FX swap line and the dummy for the FRB's TAF credit had a negative effect in all markets. In particular, the FRB's TAF dummy was statistically significant not only in the New York market but also in the Tokyo market. This indicates that US dollar liquidity provisions outside Japan might have exacerbated world-wide deviations from the yen-dollar CIP condition. Table gives the estimation results of the EGARCH model testing the impact of various credit risk measures, several types of US dollar liquidity provisions, and Japanese yen liquidity provisions on deviations from CIP condition in the three markets. *Statistical significance at the 10% level. **Statistical significance at the 5% level. ***Statistical significance at the 1% level.
GARCH conditional variance equation
When estimating the GARCH conditional variance Equation (9b), most of the parameters did not change even if we include foreign shocks as additional explanatory variables. In particular, the estimated coefficient of Market t was positive, while that of Market t−1 was negative. However, foreign credit risk measures had additional significant effects in the GARCH conditional variance equation. That is, in the London and NY markets, the dollardenominated TIBOR-OIS spread (i.e. 'Foreign Dollar spread') had a significantly positive effect, while the yen-denominated TIBOR-OIS spread (i.e. 'Foreign Yen spread') had a significantly negative effect. In the Tokyo market, the dollar-denominated LIBOR-OIS spread (i.e. 'Foreign Dollar spread') had a significantly positive effect, while the yen-denominated LIBOR-OIS spread (i.e. 'Foreign Yen spread') had a negative effect.
The result implies that the volatility of the CIP deviations increased when US dollarspecific credit risk had increased in the other market and decreased when yen-specific credit risk had increased in the other market. Noting that US dollar-specific credit risk exacerbated the negative deviations and that yen-specific credit risk stabilized the deviations, the above result indicates that the market-specific credit risk that had increased the deviations increased the volatility in the other market, while the market-specific credit risk that had decreased the deviations decreased the volatility in the other market. In violating the CIP condition, credit risk in each market might affect the volatility of the deviations rather than the level of the deviations in the other markets.
Concluding remarks
The global financial crisis increased various risk premiums in national and regional financial markets. But unlike medium-or long-term financial markets, shortage of the US dollar as liquidity became vital in the international money markets during financial crisis. In this paper, we examined how the CIP condition between the Japanese yen and the US dollar was violated in the Tokyo, London, and New York markets. During the global financial crisis, there were substantial deviations from the CIP condition. We found that the CIP deviations temporarily became largest in the New York market soon after the Lehman shock but was largest in the Tokyo market during most of the turmoil period.
One of the major findings in the paper is that such liquidity shortage of the US dollar was more serious in Tokyo market when the other markets are closed, while that of the Japanese yen was more serious in the other two markets when the Tokyo market is closed. In particular, we find that larger dollar-specific risk and smaller yen-specific risk explained why the CIP deviations were larger in the Tokyo market. Coordinated central banks' liquidity provisions can be an important tool in reducing liquidity risk in the US dollar transactions. However, we observe varieties of asymmetric effects across the markets. This suggests that some regional specific policy prescriptions might be desirable in stabilizing the international financial market.
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